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Abstract 
Using a visualization engine to analyze power meter generated data about energy consumption of a building can provide 
immediate and informative feedback for energy conservation research.  This paper proposed a platform, real-time replay system 
(RTRS), to provide such a visualized and interactive environment through the Unity 3d game engine.  RTRS combines two data 
sources: Revit, a building information model (BIM) tool, and WiFi power socket sensors into Unity 3d and replays electricity 
usage events.  RTRS users can easily change the scene or jump to the given time frame identified as a wasteful operation, and the 
system will display potential energy conservation suggestions.  In addition, RTRS users can set up event triggering parameters or 
query conditions against the sensor database inside RTRS.  In overall, RTRS can provide an intuitive and easy-to-use platform 
for managing electricity usage data of a building, reducing the time and efforts for looking up information at the raw data level. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015. 
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1. Introduction 
Effective management of energy usage in a building is the key to create a sustainable society.  Most of the current 
technologies for monitoring, managing or reducing a building’s power usage concentrate on collection and analysis 
of electricity consumed by electronic devices.  For example, Opower has successfully demonstrated that the data 
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mining technique can be used to discover power usage patterns and help residents of a community compare their 
utility bills with the neighbors’, so as to reduce the power consumption significantly.  However, there are several 
important factors derived from the surrounding environment of such electronic devices, including room temperature, 
space layout, the amount of sun a building receives, wind speed and direction, etc., that inevitably affect devices’ 
power usage and have not been examined thoroughly in the literature.  Thus, this research aimed at development of a 
building information model (BIM)-enabled platform, called Real-Time Replay System (RTRS), that integrates the 
power consumption data with BIM data to render electricity usage patterns, as well as to display identified wasteful 
operations to help achieve energy conservation. 
The first type of data RTRS integrates comes from WiFi power socket sensors around a building.  This type of 
power meters can measure how much electricity a device plugged into the socket has consumed in real time and send 
back information to its web server.  RTRS also requires a Revit file, which is Autodesk’s BIM tool and can be used 
to represent a building’s complete set of information during its design and construction phases.  Hence, the 
aforementioned environment-related parameters can be easily found in Revit, providing that such information has 
been entered into BIM by the architect.  This paper presents the overall development of RTRS and is organized as 
follows: Section 2 introduces the research steps.  Section 3 presents the implementation of RTRS.  Section 4 
discusses the RTRS limitations, followed by research conclusions. 
2. Research Steps 
As shown in Fig. 1, the following steps were performed for the development of RTRS: to setup the database and 
server (1.a); to setup WiFi power socket sensors inside a building and to collect the sensor data describing power 
consumption periodically, in order to store them in RTRS cloud database (1.b); to manage the sensor data through a 
web-based interface (1.c); to transform Revit data into the Unity environment, especially for BIM materials data 
conversion (1.d); and to replay the sensor data by using the Unity game engine (1.e). 
2.1. Database 
Since this research aimed at developing a replay system, the database design and optimization is important, 
especially considering the huge volume of sensor data and the future potential for data mining.  An open source 
database, PostgreSQL with PostGIS, was utilized here for storing the sensor data.  Three tables were created, 
including Sensor Attributes, Sensor Records, and Material Attributes: 
x Sensor Attributes: The table stores the sensor attributes, such as the identification number and the highest level of 
wattage that a sensor can undertake. 
x Sensor Records: The table stores all the data sent back by a sensor at any time, such as time stamp, relative 
location, wattage and temperature. 
x Material Attributes: The table lists all the behavior triggering thresholds for each infrastructure material type, like 
a material type’s burning, exploding or breaking temperature or wattage. 
2.2. Sensor Data Transmission 
To transmit sensor data onto the cloud database, WiFi power socket sensors have been deployed in a campus 
building so that each measured device can send its power consumption data back to a customized web server.  In 
fact, sensors with the built-in wireless connection capability are the mainstream product of Internet of Thing (IoT).  
IoT is a paradigm under the rapidly growing wireless technology and it mainly applies to pervasive objects, such as 
Radio-Frequency Identification (RFID), sensors or mobile devices for uploading new data into the cloud 
continuously [1].  Therefore, utilizing IoT-based sensors to measure a device’s power consumption data 
significantly simplifies the burden of collecting data from various sensors in a distributed environment, and RTRS 
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can concentrate on the data integration work that will synthesize the sensor data with BIM to help identify wasteful 
operations and suggest energy conservation actions. 
 
 
Fig. 1. Major components of RTRS. 
2.3. Web-based Management Interface 
The authors created a user-friendly, Web-based Management Interface to enable infrastructure managers’ 
interactions with the sensor database.  With the interface, infrastructure managers do not need to log onto the 
database as it is not a straight-forward task for those who don’t have experience of database management.  This also 
insures the database security as the infrastructure managers will not manipulate the data tables directly. 
The Web-based Management Interface was coded in Hypertext Preprocessor (PHP), which is an intuitive web 
programming language that supports most web functions and Asynchronous JavaScript and XML (AJAX), not only 
avoiding the full page reloads upon requests but also reducing the page processing time.  The compatibility of PHP 
for SQL is well established and most database systems such as Microsoft SQL Server, MySQL and PostgreSQL are 
all compatible with PHP. 
To insure the database security and sensor data privacy, users of the Web-based Management Interface are 
required to log in.  The interface also allows administrators to perform database and user account management. 
2.4. BIM Material Standardization 
The objects of the Autodesk Revit Architecture model, such as rebar, wall, column and furniture, all can be 
customized and modified.  From an engineer or designer’s point of view, editing these objects in Autodesk 
Architecture Revit is more efficient and can ensure the consistency of the object parameters.  However the materials 
in Revit are proprietarily defined as “Autodesk Material” by Autodesk and can only be read by Autodesk software 
such as Autodesk Revit Architecture, Autodesk 3ds Max, etc.  Thus importing the Revit model into Unity via the 
FBX file format will lose some parameter information, e.g. the material color or texture [2]. 
To solve the problem of losing parameter information during the migration of a proprietary model into the Unity-
based virtual reality simulating platform, material standardization is important.  A typical infrastructure model will 
include around 50 types of materials and all are with different parameters (e.g. color, texture, reflectance, and 
transmittance), making it difficult to standardize materials manually.  For that reason, the authors designed an 
Autodesk 3ds Max plugin, Material Transformation, to automatically identify all the Autodesk material types inside 
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the Revit model and standardize them based on Standard Material, a format which can be read by most of the 3d 
software. 
2.5. Database Synchronization 
How to synchronize with the sensor database without any delay is the most significant technical aspect of RTRS.  
The authors used the IEnumerator function in C# to implement the multithread code to run the simulation in RTRS 
and download the data from sensor database in the background.  RTRS synchronizes sensor data by sending the 
requests via HTTP to the PHP web page on the sensor database server.  Designing a PHP web page on the SQL 
sensor database simplifies the data requests on the RTRS end because there is no need to deal with different 
protocols in C#.  This design simplifies the complexity of RTRS by separating the coding into two parts: the 
simulation in Unity and the query on the server. 
When RTRS starts, all the sensor data will be synchronized into the system, generating the status array of all 
objects for the whole simulation time frame.  As has been explained previously, the multithread code will keep 
synchronizing the sensor data in the background while also calculating the status array for updating the simulation. 
2.6. Real-Time Simulation 
The targeted disastrous events for infrastructure objects include burning, breakage and explosion.  The object 
status changes base on the material type and behavior trigger thresholds as what has been discuss in Section 2.1.  For 
example, as the material temperature increases, flammable materials like cloth and wood furniture will burn; 
nonflammable materials such as glass will break; electronic devices will explode. 
Because of the popularity, affordability and accuracy of the sensor technology, it is reasonable for the authors to 
assume that sufficient number of sensors can be setup around the infrastructure.  Under this assumption, those 
sensors will keep collecting data from the real world and transmit the data to all objects around the corresponding 
sensing area within the simulated infrastructure.  That way, the object status can change automatically base on the 
material attribute table.  To simulate the status change of an object, the authors applied the physical particle effects 
for material burning and explosion, and used the mesh cutting algorithm with random forces to split an object for 
material breakage. 
3. Implementation of RTRS 
In this research, the authors implemented the proposed RTRS by using the Unity game engine and Section 3 
demonstrates a prototype of the system.  Specifically, Section 3 illustrates how the prototype standardizes BIM 
materials, simulates the infrastructure environment in real time, and manages the database. 
3.1. BIM Material Standardization 
To implement the simulation in RTRS, one of the initial steps is to generate a standard infrastructure model.  As 
discussed in Section 2.4, using the model directly from Autodesk Revit Architecture will cause the loss of material 
parameters, as shown in Fig. 2. 
The authors developed the plugin, Material Transformation, for Autodesk 3ds Max to solve the problem.  The 
result of transforming Autodesk Material to Standard Material is shown in Fig. 3. 
3.2. Real-Time Simulation 
After the BIM material standardization, importing the BIM model into RTRS can be achieved as shown in Fig. 4 
without losing any object parameters (e.g. textures).  When RTRS starts, it will automatically connect with the cloud 
sensor database, pre-simulate all objects, and generate the simulation time frame. 
The time frame illustrated at the bottom of Fig. 4 is for users to play, pause, fast forward (or backward) the 
simulation.  It is also worth noting that the left window in Fig. 4 is for sensor data editing.  Should a user need to 
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revise the sensor data (e.g. due to outliers) in the cloud sensor database, he or she would not need to log onto the 
server and can make the edits directly in RTRS.  The right window in Fig. 4 is for database querying in which a user 
can setup specific conditions to retrieve all sensor records and see the data trending along time.  Fig. 4 also 
demonstrates how RTRS replays scenes of burning, breakage or explosion of an infrastructure and a user can move 
the camera to where they want to see more details.  Fig. 5 shows the retrieved sensor records and clicking any 
record’s play button will jump the simulating to the indicated time frame for that sensor and adjust the simulation 
camera to where the sensor is located. 
 
Fig. 2. Losing parameter information of nonstandard materials. 
 
Fig. 3. Before and after materials standardization comparison. 
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Fig. 4. One screenshot of RTRS. 
 
Fig. 5. Results of querying database. 
3.3. Web-based Database Management Interface 
The web-based database management interface is designed for RTRS users to interact with the collected sensor 
data easily.  Because the interface is in the cloud, users can log onto the interface at anytime and anywhere using a 
browser.  For data security, only users who have the authorization are allowed to log onto the system.  Fig. 6 shows 
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the logon interface and after logon users can see the function menu which includes Materials Management (material 
parameters setup), Sensor Management (sensor parameters setup) and Time Table Management (sensor data 
managing). 
As Figure 7a illustrates, Materials Management is for defining the thresholds (i.e. material’s burning, explosion 
and breakage temperatures) that trigger specific material behaviors.  Sensor Management is to setup the type and the 
tripped watts of each sensor inside the infrastructure.  In Figure 7b, Time Table Management is about the real-time 
sensor data, such as the relative position of the infrastructure and the temperature or the humidity the sensor 
collected via internet. 
 
 
Fig. 6. Interface of Database Managing System. 
          (a)                                                                                      (b) 
 
Fig. 7. (a) Modifying the material parameters; (b) sensors data list. 
4. DISCUSSION 
RTRS is developed to be an efficient tool for managing and rendering power consumption data.  Besides 
providing the capability to convert BIM and sensor data into 3D virtual reality, RTRS also functions as a sensor data 
query tool.  Some potential limitations of RTRS are related to the realism of object status simulation, the installation 
of sensors around an infrastructure, and the accuracy of the sensor data. 
For the realism of object status simulation, the simulation of a device consuming electricity by displaying the 
wattage information is critical to improving the realism aspect (see Fig. 8), as it captures the status of a electric 
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device over time.  By analyzing the sequence of how each device is actual used, potential energy conservation 
actions may be found and can let residents be aware of energy usage. 
 
 
Fig. 8. Screenshot of RTRS for potential energy conservation actions. 
Concerning the sensor-related limitations, the availability of sensors that can withstand various environments and 
transmit data wirelessly at the same time is limited.  Nowadays techniques such as NILM claim that this type of 
sensors can be installed on a household’s main switch and still provide real-time, accurate power consumption data 
[3].  Setting up sensors inside an existing infrastructure might not always be feasible but constructing a sensory 
infrastructure is very much doable nowadays.  Finally, data yielded by the sensors might include some error and the 
data accuracy is still yet to be improved as the technology advances in the future. 
5. CONCLUSIONS 
RTRS was proposed for infrastructure power usage monitoring and management.  A realistic use case of RTRS is 
to simulate power consumption patterns and to make an informed plan for energy conservation.  Indeed RTRS is not 
simulated with mathematic algorithms or models, so the sensor data reflection of the real world provides more 
reliability for power conservation.  In the next stage of research, the authors will conduct user testing and obtain 
system evaluation opinions from potential audience such as facility managers.  In the long term, the authors would 
like to apply data mining techniques upon a wealth of collected sensor data and design an automatic infrastructure 
warning mechanism to deal with unexpected power usage events. 
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